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In magnetic circuit problems where the length land the cross-sectional 
area A of the flux paths are well defined, it is convenient to define the 
reluctance of the magnetic path as 

l 
<R =­

.uA 
amp-turns/weber (3.61) 

The reluctance <R of a flux path, the mmf Ni which causes the flux, 
and the flux cf> are related by 

Ni 
cf> = (R webers (3.62) 

The induced emf caused by a changing magnetic flux is given by 
~ ... ~ 

~ B • ds =_de/> 
dt 

volts (3.63) 

If a conductor of length Z is moving with a velocity u perpendicularly 
to a magnetic field of flux density B, the voltage induced between the 
ends is 

v = Blu volts (3.64) 

. The energy density of a magnetic field is 

U = ~H·B joules/meter• (3.65) 

For an electromagnetic wave, the velocity of propagation is given by 

u= 1/~ meters/sec (3.66) 

The ratio of the electric field intens~ to the magnetic field intensity 
in a plane electromagnetic wave is ' 

~ = G: 
H '\.); ohms (3.67) 

PROBLEMS 

3.1. An electron is traveling parallel to a straight, current-carrying conductor. If 
the speed of the electron is 10 6 meters/sec and the current in the conductor is 50 amp, 
what force is exerted on the electron if it is 10 em from the wire? (The charge of an 
electron is q. = -1.602 X 10-10 coulomb.) 
0 3.2. Consider an xyz coordinate system. The electric field is known to be zero in 
this test. A.n electron is projected through the origin at a speed of 2.00 X 106 meters/ 
sec. If it is projected in the direction of the x axi;s, the sidewise acceleration is found 
to be zero. If it is projected in the direction of the positive y axis, the acceleration is 
found to be 1.78 X 1017 meters/sec" in the positive z direction. \Vb.at arc the dirct"­
tion and magnitude of the magnetic flux density Bat the origin at this moment? 
03.3. Refer to Fig. P3.3. A nonmagnetic iJ:J.sulating disk is inclined with its :u.:u "'1 

an angle e to a magnetic field B and is rotating at an ang-..tb.r speed of "' I':ld;'lk"<'· .\ 

.. ..:.::::..:.~~::::=::...:.:J::..:: :::.:.~- ; '.-~·· 
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point charge q is located on the periphery of the disk. Find the instantaneous torque 
when the charge is in positions 1, 2, 3, and 4. The radius of the disk is r. Note that 
the torque tends to turn the axis of the disk into line with B. 

<2> 4 

~ 
Fw. P3.3. Charge rotating in magnetic · 
field. 

y 

Fw. P3.4. Hall effect. 

4~ 3.4. This problem concerns the Hall effect. Consider a solid body such as tliat 
shown in Fig. 1'3.4. The substance carries a current density J"' and is subjected to a 
magnetic field n.. Tlic sketch shows the effect if the current is one of negative charges 
(i.e., electrons). The magnetic field deflects the moving charges downward, thus 
charging the lower face negatively and leaving the upper face with a positive charge. 
This produces an electric field in the negative y direction that, in equilibrium, annuls 
the deflecting effect of the magnetic field on the charge carriers. 

(a) Show that, if the current is that of positive charge carriers (i.e., holes), the elec.,. 
tric field is opposite, i.e., in the positive y direction. . · 

(/;) The Hall coefficient is dPGncd by RII = &v/Jzfl.. Assume that all the charge 
carriers arc alike and that each has a charge q (positive for holes, negative for elec­
trons). The number of charge carriers per unit volume is N. Express RII in terms 
of q and};. 

(c) For copper at room temperature, RII = -5.5 X Io-u volt-meter3/weber-amp. 
The electronic charge is -1.602 X I0-1• coulomb. Compute the number of free 
electrons per unit volume. Compare this with the number of atoms per unit volume 
as computed by Avogadro's number, which is 6.02 X 10°3 atoms per gram atom; i.e., 
the number of atoms per gram of a substance is 6.02 X 1023/A, where A is the atomic 
weight of the substance. The atomic weight of copper is 63.6, and its density is 
8.89 grams/cm3. 

(d) The Hall coefficient for zinc is positive. What rJ.oes this fact suggest concerning 
the charge carriers in zinc? .... 

B normal 

to the ~~~:~. •. 
.... .__... -..-.-.... 

Electron 
guo 

........... 

t;:~J 
Fm. P3.5. :.ragnctic deflection of electron beam. 

1-t. h ""''=<' .,..;;.~hc.ck--n-.y tur*s the deflection of tbe be!lln o! electrons is zccom­
;;r4•.;;.,.,; "''-'·ll.. """' .,_:.. • .,.1;-'..- 6<-~; .\!) othcrn., by a m:;gnetic field. Figure !'3.5 sbo"·.::J the 
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magnetic field scheme. If the electrons enter the region of the magnetic field with a 
velocity of 22.9 X 10• meters/sec, determine the magnetic flux density B that is 
required to make the beam emerge at an angle of 10°. 

3.6. Consider two parallel wires of diameter much smaller than d, the distance 
between their centers. Suppose that the current carried by the wires is 5000 amp in 
opposite directions. If the spacing between them is 0.5 meter, calculate the force in 
pounds between two 10-meter-lcngth sections of the wires. (One pound is equivalent 
to 4.448 newtons.) Is the force one of repulsion or attraction? 

3.7. In the d'Arsonval meter of Fig. P3.7, the poles of the permanent magnet are 
shaped around the cylindrical iron core so that there is a uniform, radial magnetic 

Coil of 
wire 

Stationa:y 
cylindrical 
iron core 

l Axis of rotation 
1 of coil 
I 
I 
I 
I -

FIG. P3.7. D' Arsonval meter. 

field Bin the air gap. The rectangular coil has N turns and a radius a. The magnetic 
field acts over a height h. The coil carries a current of i amp. 

(a) Determine an expression for the torque tending t<> turn the coil. 
(b) The coil turns against a spring that resists rotation with a torque :! = k8, where 

k is the torsional spring constant in newton-meters/radian·and 8 is the angular deflec­
tion in radia.ns. \Yrite the expression for the equilibrium value of e. 

3.8. A uniform magnetic field with a density of B webcrs/meter= emerges through a. 
small plane area of A meters2• The angle between Band the normal to the area is 8. 
Write the expression for the magnetic flux ¢ that emerges from the surface. 

LY !Y 

-1 

LE :;: 

;:; 

z~ 

FIG. P3.9. For the computation of magnetic flux. 

3.9. Figure P3.9 shows two views of a rectangular area of width wand hd11:ht 1: 
Through thi.s surface emerges a magnetic flux that has a density B - 1/~'· 

r 
'f,'"; 

·=--~-;~ -'"· _.2.,~~"·~-......:...----"--..;... 
--·- ~.~ ~.>---
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11_,., mon::;l<l between the vector Band the normal to the yz plane is 0 = cot-1 y. Deter­
::;,.:.<- the expression for the magnetic flux 4> that emerges through the surface. 

lwl 

LD \-~-~ h B 

y 
FIG. P3.10. For the computation of torque. 

3.10. A rectangular turn of wire has dimensions hand w, as shown in Fig. P3.10, 
and carries a current i. The coil is placed in a uniform magnetic field so that the 
vector B makes an angle 8 with the normal to the plane of the rectangle. 

(a) Determine the expression for the torque that tends to turn the rectangle at 
right angles to B. 

(b) Express the result of part a in terms of the magnetic moment of the current­
carrying rectangle. 

(c) A small bit of ferromagnetic material of volume V has a uniform magnetic 
polarization M. Usc the results of part b, and discuss the torque that the ferro-· 
magnetic body will experience when placed in a magnetic field B. 

3.11. A typical sample of iron is fairly well saturated magnetically at B = 1.6 
webcrs/rnetcr•. Take H = 8000 amp/meter• at this value of B. Compute the 
ma12:nctic moment per atom. Sec Prob. 3.4 for Avogadro's number. The atomic 
weight of iron is 55.85, and its density is 7.87 grams/cm3• 

3.12. The flux density in a certain substance is 1.0 weber/meter2• Calculate the 
magnetic field intensity H and the magnetic polarization M if the material has a 
relative permeability of (a) 1.00002; (b) 4.0; (c) 10,000. ·I 

3.13. Find the exact expression for the total magnetic flux threading the toroidal 
cor'e shown in Fig. P3.13. 

Toroid 
permeabiJity-;t 
uniformly wound 
with Nturns 

., ... <,1of wire 

~11:::: j ! ::::11111~] 
F1o. P3.13. A thick toroidal core. 

Aul 
';11-
1 meter 

I 
2~ 

uz 

·. 

FIG. P3.14. For the calculation of forces 
between two moving charges. 

3.14.. At a particular instant of time, two isolated electrons are travelling in the 
~ne of the paper with velocities whose magnitudes are 3 X 107 meters/sec for each 
oc.' o;nd whose directions are shown in Fig. P3.14. Compute all of the forces exerted 
"'>;4 ~!;...,. two particles at that instant, including gravitational effects between each other 
=-! ~.,.t ... tto each one and the earth. The electrons are near the earth's surface. 

1. a. l'o.i:>;;: C~uss·s law and the mmf law, show that, if there are no electrical forces 
;,.-..~Lo> <;: {.;:, .:!.-£oc~.a a uniform cylindrical beam of charged particles mo>-ing with a 
"""'"'"""'" n·~;!y. !~..-n U. .. u ~"t:lucity must be the velocity o! light. 
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0 3.16. Figure P3.16 shows a d-e electromagnet in which we wish to obtai::l. a flux 
density of 1 weber/meter: in the air gap. Let fJ = 0.25 in. Assume tbst the steel 
core has infinite permes.oility. · 

Fra. P3.16. For the design of a d-e electromagnet. 

(a) How many ampere-turns arc required on the coil? 
(b) The ''window" has dimensions w and h. Assume that half the area oi the 

window is filled with copper, the remaining area being insulation and air spaces. A 
conservative value of current density in the copper is 1000 amp/in.:. What is the 
required area of·the window? 

(c) From the results of part b select values for the dimensions wand h, and estimate 
the !'mean length of turn" for the coil, i.e., the length of one turn of a conductor lying 
s.t the middle of the coil. Compute the electric fidd intensity in the copper and the 
voltage required for one turn. (p = 2.0S X w-s ohm-meter at the reasonable oper­
ating temper:~.ture of 70°C.) The coil is to use SO volts d-e. How many turns are 
required? \\.L:lt is the cross-sectional area of the copper of one wire? \Vhn.t will be 
the current in the coil? 

(d) 1!ake !'.detailed check of the coil design as follows: From the table of wire gages 
in Appendix C, select the standard wire nearest to the one computed in part c. Add 
0.003 in. to the diameter for enamel insuhtion. Assume that the width oi the wind­
ing is the dimension h minus 0.5 in., and compute the turns per layer n.nd the numher 
of byers required. Compute the "build" of the coil in the direction of the dimen:;ion 
w, assuming O.OGO in. pressboard under the coil, 0.005 in. paper between each laycr, 
:md a wmpper 0.020 in~ thick. The c:J.lcuhted build should lie between 0.75w and 
0.9w. The htter limit allows for 10 per cent "bulge" in winding. If the first wire 
size thn.t you choose docs not work out properly, choose another and try again. 

3.17. Reier to Fig. P3.1G. Ld w = 3 in., h - 6 in., g - 0.25 in., and assume that 
the core hn.s :l. const:mt permeability of ·WO>'o-

(a) Compute the (approximn.te) me:1n length of magnetic path in the core. 
(b) Compute the reluctn.nce of each of the two pn.rts of the magnetic circuit, neglect• 

ing leabge flux and fringing at the gap. 
(c) The coil has 2000 turns of wire. ·what current is required to produce a mag• 

netic flux of 5 X w-• weber across the gu.p? 
3.18. Refer to Fig. P3.1G. Let w = 3 in., h = 6 in., and g "" 0.10 in. The coil 

hJ; 2fl€j0 turns of wire. The B-H relationship for the steel of the core is given in the 
tiblebel()w; 

~"--..(~ --:.iJ. 

B,:webersfmeter: ..••• ·1 0 ~~ 

H;a.mp/meter......... 0 . 76 

1.0 \ 1.2 ~--~ 1.6 1 1.1 

219 414 ~~~ 5580 l ~ 

;_-

-~~ .. 
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(a) Compute the (npproximate) mf!an length of the magnetic path in the core. 
(h) :\<'~!crt h·aknge flux and fringing at the gap. For each of the values of B in 

th" tahl<', compute the magnetic flux </>, the total mmf required by the magnetic cir- · 
c:uit, and the current required in the coil. 

(c) Plot flux 4> versus current i to scale. Note the linear portion of the curve at 
the beginning, often termed the "air-gn.p line." 

0 3.19. A permanent magnet, such as the one shown in Fig. 3.21, has a magnetic 
path 25 em long in the magnetic matPrial. The B-H curve of the material is given iii 

B, webersjmeter 2 

-p.61 .Jl7'"" +-1
11 -r- I ,,~I 1.

4 
-l J / 

~t=fr2~~t-t-r-Ti /i 
' ~ r- r.o+-t-t-t-r I-ll 

V .j. o.s+-t-H~) J I 
J 0.6 I-

I --+t--y--1 I I 0.4 " 

-r--ttJ.2 ...- I H-HIJ I ,. I '-:::r:-- l ;:';~ l :L ~~ n An 
0 20 40 60 80 

H, thousands of ampere-turns/meter 

Fra. P3.19. B-H curve for an Alnico steel. 

Fig. P3.19. Neglect leakage flux and fringing at the gap, and compute the magnetic 
flux density in the air gap for gap lengths of: 

(a) 0.1 em (b) 1 em (c) 2 em 

0 S.20. \Vith tho permanent magnet of Fig. P:l.20 we wish to produce a flux density1 
of Bg wcbcrs/mcter2 in the air gnp of area Av and length lv, and we wish to do this 
with a permanent magnet of mir.imum vohtmc. Tho permanent magnet has a. cross­
sectional area A .. and a. length l,. that arc to he selected so that the volume Aml,. is a 

""=--L 
r777777n--r l, 

Iron pole piece 

Fra. P3.20. Design of permanent magnet. 

minimum. The iron pole pieces may be considered to have infinite permeability. !\.-~l<:ct leakage flux and fringing at the gap. 

(a) ~how that A .. l .. - -Bg3[gAvfl-'oB.,.IJ.,., where B.,. is the flux density in the perma­
"-->t r.a~nct and 11 .. is the (negative) field in tensity in the permanent magnet. This 
"'"4\i.r~ ahowa that tho criterion !or minimum A,.l., is that the product -B,.H .. be a. ~='-'m. 

. ''; I:.Z!.-1 to the R .. -11 ... cun·c o! Fig. P3.19. Plot the product -B.,.H. versus 
II#. ,..,. tk... pc.ni.:;:; c4 the cun-o in tho second qua.dllUlt, For this material, what 
Ni-'1,..,. .z.l ~- a...t4 II .. •:1.!y t~ ~rilcr:On oi ~n "r 
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(c) Given A., = 10 cm1, l, = 0.25 em, a::1d B, = 1.3 webers/meter2. Determin<! 
A., and lm, assuming the material of Fig. P3.19. 

(d) If the area determined in part c should be increased by 50 per cent to take care 
of leakage flux, determine the proper diameter for the cylindrical magnet. 
o(?.21. A sectional view of a loudspeaker magnet is shown in Fig. P3.21. The diame­
ter of the circular pole is 5 em. The radial length of the gap is 0.20 em, and the thick­
ness of the rectangular steel structure is 1.0 em. ·we wish to have a flux density of 
1.3 webers/meter2 in the gap. The permanent magnet is to operate at 1.0 weber/ 
meter• (see the B-H curve of Fig. P3.19). The steel pole piece and the rectangular 
structure may be assumed to have infinite permeability. 

(a) Neglect leakage flux and fring~ng at the gap, and determine the required length 
and cross-sectional area of the permanent magnet. 

(b) If the area determined in part a should be increased by 50 per cent to take care 
of leakage flux, determine the proper diameter for the cylindrical permanent magnet. 

Annular· 
air gap 

Steel 

Steel 

Permanent 
magnet 

dz---

FIG. P3.21. Sectioned view: half of mag- Fro. P3.22. Effective area to account for 
netic structure of loudspeaker magnet. fringing . 

3.22. When the length of an air gap is appreciable compared with its breadth and 
depth, there will be an appreciable fringing flux at the edges of the gap that should 
be included in the total flux. The additional flux can be taken into account approxi­
mately by imagining that the breadth of the air gap is increased by the amount indi­
cated in Fig. P3.22, where the dotted lines are semicircles. Given a gap of 1 em 
length, compute the ratio of effective area of the air gap to the area of one pole face if: 

(a) The pole pieces are circular with a diameter of 5 em. 
(b) The pole pieces are rectangular with dimensions 5 by 100 em. 

~Coill <N,tums) 

~Coil2 (N2 t-.Jrns) 

FIG. P3.23. A transformer. Dimensions are in centimeters. 

3.23. (a) For the transformer shown in Fig. P3.23, calculate the reluctanct' ""' 
fiu.x set up by current flowing in the N 1 turns. Assume a constant pc:-mcA~: 
~P. ~ ~ 2000;.<o. 

·-~_,- .,._ , ...... , .. .:--~._,· -':""'~~:;~::.:·~:c·~~;;r· . ..,.:~::~.:::~;-:..··~:·.,;.;.~:~q-:....s;~--~~· .,........ ...... _ "" -------
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(l1) If the current through the primary winding increases linearly with time accord­

inf!: to the law i = O.lt amp, where tis measured in seconds, calculate how large the 
product N 1N2 must be for a constant voltage of 1 volt to be induced in the secondary 
winding. 

3.24. The ring shown in Fig. P3.24 has a constant permeability I'· The mean length 
of the magnetic path is l, and the cross-sectional area of the magnetic path is A. The 
wire that goes through the opening of the ring carries a current i that is a function 
of time. 

(a) Determine the expression for the magnetic flux <{> in the ring as a function of i. 
(b) Determine the expression for the voltage v induced in the N-turn coil. 
(c) Let i - I,. sin wt, where tis time in seconds. Determine the expression for 11 

s.s a function of time. Sketch both v and i versus t. 

\ 
1/2 

~----l 
~Cross-sectional 

area-A 
FIG. P3.24. Induced emf. Fro. P3.25. Transformer with toroidal core. 

3.25. Refer to Fig. P3.25. A voltage v, ~ V"' sin wt, where tis time, is applied to 
a coil of N 1 turns which encircles a high permeability toroid. Assuming that P<. is 
constant, and neglecting leakage flux, calculate: · 

(a) The expression for the flux threading the coil as a function of time 
(b) The expression for current i as a function of time 
(c) The expression for v: as a function of time 

Sketch v, v2, <{>, and i versus time. 

3.26. The sketches of Fig. P3.26 show an instrument used in measuring the vibra­
tion of machines. The m~gnetic flux density in the gap is B - 1.0 weber/meters. 

Permanent 
magnet 

Iron 

@ 
Side cross section Front view of magnet and 

resulting magnetic field 

Fla. P3.26. Vibration pickup. 

-~ <f.c..ll b.u ~ h:ms :.nd a dmmcter of 3 em. If the motion of the coil is :;: - w-a 
~ :-:::-., ~. that i.l tl-~ \-ol~ indu~ in the coi11 
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3.27. The phonograph pickup of Fig. P3.27 has an N-tum coil of area A. ~~ 
permanent magnet supplies a uniform magnetic field of density B. The side'\\-ibe 
motion of the stylus rotates the coil. 

FIG. P3.27. Moving-coil phonograph pickup. 

(a) Determine the expression for the voltage induced in the coil in terms of (}. 
"What does this expression reduce to for small 9? Write this approximate expression 
in terms of x (x « l). 

(b) Let N = 10, A = 0.10 cm2, B = 0.3 weber/meter2, l = 0.7 em, and x - 10-2 

sin 2rrjt em, where f is the frequency of the sinusoidal signal in cycles per second and 
t is the time in seconds. Determine the induced voltage as a function of time for 
f = 100 cycles per second (cps), 1000 cps, 10,000 cps. 

(c) For the data in part b, what is the induced emf in millivolts for an instantaneous 
stylus velocity of 10 em/sec? 

i(t) 

--+-_,--~----~--r-----t 

lcm 

FIG. P3.28. Voltage induced by changing current. 

3.28. A current of 10 cos 3770t amp flows through a thin wire as shown in Fig. P3.28. 
Calculate as a function of time the voltage which is induced between the terminals of 
the rectangular coil. Sketch v versus t. 

3.29. The sketch in Fig. P3.29 shows a parallel-plate air-dielectric capacitor. 
Neglect fringing effects at the edges. 

(a) Assuming that a charge q = Q sin wt is uniformly distributed on the top plate 
with an equal and opposite charge on the bottom plate, determine the displacement 
current through a circle of radius rand the resulting B around the circumference of 
this circle. 

(b) Considering only the electric flux (neglecting the effect of the magnetic flux), 
find the voltage across· the capacitor. Evaluate this numerically for a = 5 em, 
d = 0.2 em, Q = 4.5 X 10-o coulomb. 

(c) Find the induced emf around the path 12341 by §S • ds, as caused by the mag­
netic flux. Evaluate this, using the data in (b), for frequencies of 10• and 10• c~ 
What conclusions can be drawn? 
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LL._g-1 
14 3t --------

FIG. P3.29. Effect of displacement current. 

3.30. The betatron sketched in Fig. P3.30 has cylindrical pole pieces. A magnetic 
flux density of B webcrs/mcter2 is changing at the rate dB /dt. Neglect fringing flux. 
It is observed that a charge placed in the air gap experiences a force even when it is 
not moving. What are the magnitude and direction of the induced electric field 
within the gap at a radius r? 

• 

.J. 
B---'-- d 

~~:;~~~g) .... _. + 

FIG. P3.30. Betatron. ~ ..... ~ 

3.31. The top sketch in Fig. P3.31 shows two resistors connected in a simple circuit. 
A magnetic flux within the loop is changing at the rate of 1 weber/sec. A high­
impedance d-e voltmeter is connected successively in the three positions shown. 
State the reading of the voltmeter in each of the three positions, and give the reasons 
for your answers. 

d4> 

~
(F-lyteber/~ec 

(mcreasmg 
downward 

70 n n into the paper) 

fef + 
4!tw~ 

[E] 
Fro. P3.31. Induced emf. 

/' 
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3.32. This problem is similn.r to Proh. 3.31, except that the lo"·.:-;- con•h:'"t""" ,.. 
looped around the flux as shown in Fig. I':l.32. Four high-impedance d--<: voltmd.-~ 
are arranged as shown. State the readings of the meters, and give the reasons !o: 
your answers. 

d¢ -1 weber/sec (increasing 
downward into the paper) 

70£! n 

Fm. P3.32. What do the voltmeters read? 

3.33. (a) A circular thin sheet of nichrome of resistivity p is suspended perpen­
dicular to a magnetic field which is changing at the rate of dBjdt webcrs/mcter:l..sec. 
Sketch the direction of the induced electric field at various points in the sheet and the 
paths of the resulting currents (often termed "eddy currents"). Calculate the 
magnitude of the total induced current. Assume that the resistivity of the sheet is 
l~rge, so that the induced currents are correspondingly small and do not affect the 
value of B appreciably. (See Fig. P3.33.) 

Uniform field B 
increasing at the 

rate dBJdt 

/r 
t -n-

d 

Fw. P3.33. For the calculation of eddy currents. 

(b) If the sheet is free to turn, what will be its stable equilibrium position? 
(c) _Wh:,1t will be the stable equilibrium if B is in the direction shown but is decreas­

ing with respect to time 7 
3.34. Given a toroid with a mean length of magnetic path Z, a cross-sectional area A 

normal to the magnetic flux, and a permeability p.. The toroid is wound with N turns 
of wire that carry a current of i amp. Obtain an expression. for the energy in the 
magnetic field of the toroid. 

8.35. An electromagnet is shown in Fig. P3.16. The length of the air gap is one 
one-hundredth the length of the flux path in the iron. The relative permeability of 
the iron is 5000. Calculate the ratio of the energy stored in the air gap compared 

with that in the iron. 

.::. ~· -~_-;-'.•" 

_;·-.-..--.~~-:;--.~-..~.~-' 
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l- l<!L c .• n,i•l.-r two p:-.milcl pole faces, each of area 1 meters and located 1 em apart 
""' ,,r. In th!' gnp between the pole faces, the magnetic flux density is B = 1.6 
"'"!,,., 1 met!'r'. Compute the energy stored in the gap. How high would this 
,.-r.cr~Z_Y Jiit n 150-lb man? 

s.37. (a) Consider two plane parallel pole faces of area A, located a distance x 
ap!lrt in air. The magnetic flux density is B. Neglecting fringing flux, write the 
expression for the energy stored in the gap. 

(b) The distance between the pole faces, x, is increased by the small amount t.x. 
The flux density B stays the same as before. Write the expression for the increase in 
stored energy. From this, deduce the expression for the force of attraction that exists 
between the pole faces. 

(c) Compute the magnetic force of attraction between pole faces 1 meter' in area if 
B = 1.6webers/meier2 • 

(d) Repeat the foregoing problem for the energy stored and force between two 
insulated plates, separated by air, that have an electric field of intensity & volts/meter 
between them. Evaluate the force for plates of l-meter2 area if & = 3 X 10a volts/ 
meter, which is the approximate field intensity for the breakdown of air at standard 
pressure and temperature. 

3.38. For the plane wave shown in Fig. 3.32, show that there is a rate of energy flow 
per square meter equal to _.-~--

P=SXH watts/meter' 

(Hint: Begin with the expression for energy density, and note that Pis the product of 
this density and the velocity of propagation.) 

3.39. What is the time of travel of a radio wave in air, expressed in microseconds 
per mile? 

3.40. A certain radio wave has an electric field, measured at a certain receiver, of 
& = 5 X w-• sin 2r.jt volts/meter, where the frequency isf = 106 cps. The Sand H' 
vectors arc normal to each other and to the direction of propagation, and the ratio of 
& to H is ...;;r., just as in Eq. 3.52. 

(a) Write the expression for the magnetic field intensity as a function of time. 
(b) A rectangular loop antenna with an area of 0.02 mcter2 and 20 turns of wire is 

oriented with its plane normal to B. Write the expression for the emf induced in 
the antenna. 

• 
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---------- --

~--~--------------·-~- -------- PROGRAM EE 

000002 DIMeNSION I 1t 
000002 --COMPLEX s' I 

000002 WRITE(5,19 
ooooo6 -RE7\5Ti,2-0T1 
000014 READ(2,20)1 

~~---0 OO();rz~~-~-----T{E AD ( 2 ,20 f: 
000030 REA0(2,20): I l 
000036 READC2;26T~ 
000044 READ(2,20)1 
000052 READ(2--;-2b)i 
000060 READ(2,20)1 

~-~o o o 66-:-6·---~------- -F 111= 6 • o- -
000067 PMAX=O.O 
000067 R=10.**(l., 
000075 XL1=XL1SCI: -----=-o "'o o"o7T ___ --------------xr 2 ;:;·x L-r·-
oooo77 XL12=XLIOC, 

- oooi-crz-------------------rrT="s ~*-Atl\"1 
000104 ND=(25.*D)· 
0 0 0 1 1 0 D 0 9 0 J;:i , I 
000114 S=CMPLX(O.( 
0 0 0 1 1 7 A 1 = R G +Ffl+-5' X L 
000130 A2=-S*A*XL 

·-o-oO-Lft+______ ---AT;=TA•R2+! 
000150 A4=S•XL12 
000154 A5=CMPLX ( Ai 
000157 AV=A4I(A1* 

~,,~--Otfo21 T--------G ( Jl =CABS-ll 
~ 000222 PWR(J)=EG*I -~o o o 2 2 6 ----~-----~~~ -- rF~--cp~~rrr~r-J---r ~-J 

000231 10 PMAX=PWR(J -----o 002 33 --- - -----Ft·1;_F ________ _ 
000235 15 FR(J)=ALOGl 

----onw4_1 __________ 1"nn n: ( 5 , 2 1. 

000253 F=F*R 
~--- -- cro-o2-55 9()--CONfrNUE 

000257 WRITE(5,22: 1Vlt. 
----.0 o o 2 6 7 ---wR.TfT:T5 , 2 3 . 

000273 CALL SETPLl 
000302 ------------WRTT-ET5-, 23: 
000306 CALL SETPLl 

~-~--cTmf3-fs- -------- 19 FORMATT~"1R.c 

*7X, 1 FREQUE~ 'I 
--~0"0"0 "'3 "15-,--------..2""0 F 0 R MAlTFT5 . 

000315 21 FORMAT(5X,! 
-----;c-0-;c;-00315 _________ 2_2 F-CTRI~ATt I I' 

000315 
12------- 000315 

23 FDR/ViAT( '7': 
--STOP 

11 00031 ~, END 
IO 

9 PROGRAM LE~GTH INCLUDING 
-- -------------

8 010455 
7 

G----- --uf\J u s-Eo ___ co M-PfL (R. s r A c E 
"' 015700 

----

I llil. n M L\ P • 



__ , --- Rotn:-R.T -J~ fvTA R 1< S TI 
ENERGY CONVERSION 

EE3 53--------- -

FREQUENCY (HZ) 
---------=--1 -. =-o =-o =-o ~o o ooiYE= or-

l.09647820E-Ol 
1.20226443E-01 
l.31825674E-Ol 

--~----~~-----r:-4 4 54_3_9-r? E ~oT 
1.58489319E-Ol 
1. 73 780083E-O l­
l.90546072E-Ol 

---,.,2:-.--:o0:-;-;8:-:=9"'2 9 6 1 3 E- 01 
2.29086765E-Ol ------- ~---~--:r~ s1 iss 6 4 3 E-o 1 

2. 75Lt22870E-Ol 
3.01995172E-OT 
3.31131121E-Ol 

-~----3.63o'nro 55E~ol 

3.98107171E-Ol 
·--=~~~--~-~~-~-~~- --~4-. -3-6-515 832 E- 0 l 

4.78630092E-Ol 

v 

8 • L 1 

9. 
1. 
i. 
1. 

l, 
L 
1 
1 
2 

2 
2 
3 

j:, 

7L 

I t 

u, 

3 ri. 

3 
--~--------

12 

11 

10 

8 

5.24807460E-Ol 
5.75439937E-Ol 

-----6. 3o9-5i344l:-=oi 
6.9l830971E-Ol 

---~------ -- 7. 5 ifS-1"7-5 7 5-E-=-Cit ____ _ 
8.31763771E-Ol 
9.12010839E-Ol 
l.OOOOOOOOE+OO 
l.09647820E+OO 
1~20226443E+OO 

------~-~~-- -·· r:-3TEr2_5_6_7 4 (+a a 
1.44543977E+OO 
1.584893l9E+OO 
l.73780083E+OO 

~~ 1 • 9os 4_6_o_7_z_E_+_o_o~· 
2.08929613E+OO 

~~~--------~~~=-z--:-~2-9-0~ff6_7_6_5_E~-+~o-o--~ -~----:~-~---~ 

2.5ll88643E+OO 
2.75422870E+OO 
3.01995172E+OO 

---·---:c3o--.--,3~lc-:l;-;;3 11 2 1 E + 0 0- --- ·-
3.63078055E+OO 

------·-------~--3~-98To7 f71 E+00--

4.36515832E+OO 
4.78630092E+OO 
5.24807't60E+OO 
5.754·3993 E+ 0 
6.30957344E+OO 

---------·6;-crnno-97 1 E +o o--
7.58577575E+OO 
8.31763771E+OO 
9.12010839E+OO 

-------------
l.OOOOOOOOE+Ol 

7 
G~~~-

·l.09647820E+Ol 
1.20226443E+Ol 
1.31825674E+Ol 

il 

l.'t45't3977E+Ol 
1.58489319E+Ol 
l.73780083E+Ol 

--------

4 
4 Jl 
4 
5 
5 :J ':) 

(; 

I 6::-

f 

\)_;. 

.:$t 

{ 

I 3, 

• 1 

oU 

. ~ 

. '; 
\ .. 

... 



2.089296131::+01 
2.29086765E+Ol 

-------~--------2:5Tfes64:n:+or 

2.75422870E+Ol 
----------~3-.~0~l=9~9-5172E+Ol 

3.3113ll21E+Ol 

1 • 
T~ 
1. 

-- 3. 6-3oTso 5-~.n~+or -------1- .-· 
3.98107171E+01 2. 

T 

·o 
4 • 3 6 s 1 5 8 3 2 E+-oT___ ~---2 • -
4.78630092E+Ol 2. 
5.24807"t60E+01 -~-2:- q 

5.75439937E+01 2. 
--- -6-.-3 o95734~4-E+ o-r- ----- 2-.-

6.9183D971E+ol 2. >g 
-----------~7~.~5~8~5~-7=7~575E+01 

8.31763771E+Ol 
9.12010839E+01 
1.00000000E+02 

-T:o9641Erz·o r:+oz 
1.20226443E+02 

------~ ----~--~~--- ---·~--~-·· 

1.31825674E+O 
1.44543977E+02 
T.-:58 4 £FBT9 F+cr2 

1 • 
1. ~4 

1.73780083E+02 1. 
-------~-~~T:--9 b 54_6_6 7 2 E+ 02 1 • 

2 • 0 8 9 2 9 6 1 3 E + 0 2 1 • ·~? 
---------=z-.-"z=9=o=s 6 7 6-5E+ o 2---- - 1 • 

2.51188643E+02 1. 
--------~--T.-,-5-422870E+02 ____ T: 7 J 

3.01995172E+02 9. 
--- ----~~-----------3 .• 31T~ff 1211~ + o 2 9 .• 

1 3.63078055E+02 8. q5 
1 3 • 9 s 1 o 1 1 1 1 E +oz-- 7 • 

4.36515832E+02 7. 
'0 -------~nu>-3oo9 zT+n 2-- ·- -~ --6. 19 

M S.24807460E+02 
-~------~-~--5---:75-43 9~9-37 t:+CT2-

6.30957344E+02 
6 • 91s 3o 9 71E-+o z --
7.58577575 E+02 

--8-~-31 7 6 -3rTfF+_0_2 
9.12010839E+02 

--~~----- - - -r:·ooooooooJ:+o-3 ---

5. 
5. 
4. 

4. 
3. 
3. 
3, 

MAXIMUM POWER= 9.99936145£ 

12 

11 

10 
g 

J 

7 

------------~----·------

6---~--

-------------------- ----~---

1)0 

g"::! 
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I 
I 

~---~---- A--~------~--- ~-T----

V 1 
I 
I 
I 
I 

--- ------------

~-----~-----~~-~-~~~02 ____ + --==-=-=-=------- ..... -­
I 

I 
=~~~~~-J---~-~~-~--~-~- ~-- --' -,-~~~~~--~~~-~~--

! 
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1 

I 
.01 +--------------· 

I 
----y~~-~-~~-~~-~---- --~ -------~ --· 
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ro 

01 

12 

11 

10 

9 

L 1.000 +---------------,,.--------------- --r -
G I 

~------~-~---~~----- ~---------" --~-- ----~-- "----- ---

F I 

v .750 +--------
I 

~--~~-----P~---- ------------- --~---T·--

w I 
----~R~-- I 

.500 +--------

I -r 
I 

.250 +-------------------- ----------------- ----r-- -----
I 
I 
I 

o.ooo **i~****i~* 

10-1.ooo IC 
-~-~---------------XRRJ fvl3 7 • 1 

1 5. 0 7. 4 6. X R R J M, -411 , 1 , 
l5.07.46.ClJivJMENT. $RJI 

~--- I s -: cf'r~ 4-6~~--R-DlJE:~----------- --- -
15.07.46.MAP(PART) 

-----------
l5.07.46.FLJN(E) 
15.07.47. CTIME 000.51 

--~----------

15.07.47.LGO 
15.07.48.LGO. 

~-----rs~~'nr:-cx---- ~-r. 9 21 
15.07.52.STOP 
15.07.53.CP 2.697 ~ 

15.07.53.LINES 282 
1 5 • o 7 • 5 3 • ~----.:-TzT-1 o-

----------- ------------

----- " ------------------------------
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7 

G 
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ANO 

c,U R 'f' 
rn rn .P ·~; t · 

RA"r!CI" TIH. 

W II Ef?L::: ;:;· 
n'\ ll) 0 (JI ~ 

tAr::. l3 X/ J,LJ~;, 
~,J /"'. 

\ti!ILf<t~ )( I (: P 
nr~ · A t>.J 1·1 t·1~ '1 
FOR H£.r,·t 
A 

l( 
'tH 
8 1( NOfvf 
Rt~ .. 5/J L 'rAN 

· l:. N 1. 
A 

01 t r! l ,\J 
'i' { 

IN 

r· ·r11 
UNO 

\ 

t) \. 
A • 

~~ A •'\ I\ A 7'/o t·J . .: /I 1/) 
}!, ~.I 



·--,---~~-·--------~--- --- --~---

~~-~-~~--~-~-----------~-------- --------- -P~OGRAM EE353A (INPUT, OUTPUT, TAPE 2 =INPUT, TAPE 5 =OUTPUT) 
000002 DIMENSION G(l00l),F~(l001),PWR(1001) 
000002 - -~COfv1PlEXS,A1,A2,A3,ALt,A5,AV 

000002 WRITE(5 7 19) 
000006 - READ !2--;zoTRG 
000014 READ(2,20)RL 

~-----~ cfooo22-~ ~-----~- --- -R E AD t 2 , 2oTXT Is c 
000030 READ(2 9 20)XLIOC 
00003 6 R E AU ( 2--;2-cn_A __ _ 
000044 READ(2,20)EG 

------000052_____ -lfEAIY1 2-~-20 J F 
000060 READ(2,20)D 

~-------oooo6_6_ --- ---------~-FM-;-a·:a··-
oooo67 PMAX=O.O 
oooo6 1 ---R= 1 o:-*-*fT-:-72-5:J 
000075 XL1=XL1SC/2. 

------,0---r;O'"'O"'O 7 7 XL 2 = XLT - - ----- ---
000077 XL12=XLIOC/A 

~------oocrrTrz·- -----rrT=iL*7~ r/fN! t-. > 

000104 ND=(25.*D)+1. 
000110 DO 90--J;;-T,ND 
000114 S=CMPLX(O.O,TPI*F) 

--___,_0 "'0 0~1 .,1, 7 A 1 = R G + R 1 + S * ( X [T+-A *XC1-2T -
000130 A2=-S*A*XL12 

~---------cHforrz;- ------------ --- A3-;:;: (A* R 2 +s * ( XL 12 +A i~o XL 2 ) l 
000150 A4=S*XL12 
o o o 1 54 A 5 - c M-PT>n A*R:G-cr.-cf) 
000157 AV=A4/(A1*(1.+A4*A2/(Al*A5))) 

' 0 ------po"'o o 2T7 ______ GTJT= CA. B S-CAV j 

m 000222 PWR(J)=EG•EG*G(J)*G(J)/RL 
000226 ~---TICPWR( J r..::.-p-fv1A><lT5, 15,10 
000231 10 PMAX=PWR(J) 

- ----------------- -----

000233 FM=F 
000235 15 FR(J)=ALOG10(F) 

--~0"0024T____ - -1-;HnTt:( 5, 21lF, G CJ f, PWR ( J l 
000253 F=F*R 

-~----~-cnroz5--5---- ----·cro-toNT I NUE 
000257 WRITE(5 7 22lPMAX 1 FM 

-- o 0 o 2 6-7---------lrRTfl:T 5 , 2 3 J 
000273 CALL SETPLT(l,FR,G,ND,1H0,11,11HLOG F VS AVl 

---0 o o 3 o 2-------------W RTT E ( 5 , 2 3 l 
000306 CALL SETPLT(1 9 FR,PWR,ND 7 1H*,12,12HLOG F VS PWR) 

~~-------r;-{)=o=o315 ------19 FORI'"fATCTtROBERT J. MARKS II'/' ENERGY CONVERSION'/' EE353 1 ///, 

*7X, 1 FREQUENCY (HZ} 1 ,6X 7
1 VOLTAGE GAIN 1 ,8X, 1 PDWER'l 

0 0 0 3 1 5 2 0-F=cYR MAT ( F-1 5 ~ 8 l 
000315 21 FORMAT(5X,El5.8,5X,E15.8,5X,E15.8} 

-- 000315 ______ 2_2 F-Of.UV\A'fT// 1 MAXIMUM POWER=',E15.8, 1 WATTS AT 1 ,El5.8, 1 HZ 1 ) 

000315 23 FORMAT('7'} 
12 -~-~--- o o o 3 1 5 - sTo_r __ ---- -
11 000317 END 
10 

9 

8 

7 

PROGRAM LE~GTH INCLUDING I/0 BUFFERS 
Of0455- ------

G---UNUSED COMPILER SPACE 
"' 015700 

:J 

LOAD MAP. 12/17/71. 15.07.50. PAGE 1 

-------

5 

6 

7 

B I 

9 

10 

11{ 

12 

"U 
;u 

_____ z 
;;J I 
0 

---- --------------------

----------------------------

-------------



( 

\ 

12 

11 

10 
C) 

8 

7 

G 

!J 

!I 

-----RolrE-Iff~-J. ~lAKI<S t I 
ENEKGY CONVERSION 

-E E3 5-3---------

FREQUENCY (HZ) VOLTAGE GAIN 
-~-----1-. ooooooocn:=-or 1. s5395257E-o5 

l.09647820E-Ol 8.61168130£-05 
1. 2 oz 26443 E=-or-- ~-,r:-44-2 s1227E-os-
t.31825674E-ot l.03534976E-04 

~-~c----~--T:-4-zttr43 9'lTE-::.: o 1 .. f. 13 52 3 6 9 6 E-o 4 
l.58489319E-Ol 1.24476063E-04 

--~1. 73TB0083E:..oi • 36485632E-04 
1.90546072E-01 1.49652524£-04 

-----~2---.--ro:-7;8:-;=9""2 9 6 1 TE=ol I • 6 4 09 0 2 83 E-o 4 
2.29086765E-Ol 1.79920830E-04 

-----~-----------z:5TTss643~=o 1 r. 97 218492E-04 
2.75422870£-0l 2.16310543E-04 
3. oT9951 1 iE::.:oT -- 2. 3111 s44s E-o4 
3.31131121E-Ol 2.60059221E-04 

--3:6-3crrs o 5-5E.::o 1 ··· -2-: s 51469 2 s E-o 4 
3.98107171E-01 3.12654301E-04 

~-~~-~--~~--·~-----~-~---4. 3- 6--5-TS 8-32 E-o 1 -3 ~ _4_2_8-14 5 57 E-o 4 

4.78630092E-01 3.75883326£-04 
5.24807460E-Of 4.12140804£-04 
5.75439937E-Ol 4.51894090£-04 

----~ 6. 309-57-344-E-=61 -··-4. 95Zt'T9737E-04 
6.91830971E-Ol 5.43266541£-04 
i-:57f5775.75E-O l 5 ~ 9565 85 81 E-04 
8.31763771E-01 6.53098522E-04 

-----~9. 12 o 1 o 8 3 9 E-o 1 -----7-. i 6-6-::fTi19 E_:<T4 
l.OOOOOOOOE+OO 7.85107617£-04 
1. 0964 7 8 20--E+Oo -- -- 8. 6(f7B8983 E-04 
1~20226443E+OO 9.43751473E-04 

~------- .-.--~ ... -T:JT-82_5-674-(+66 1. 63469 IosE-03 
1.44543977E+OO 1.13436876E-03 

------=1=-.'-;s=-s=-'4:-8=-'9=-3, 1 9 E + o o i :·--24_3_6_1_6_3_4.-E--~ o 3 

1.73780083E+OO 1.36334222E-03 
----~ 1 • 9-05-4 60 -7-2-E+-CfO" 1 • 4 9 4 53 7 7 5 E- 0 3 

2.08Y29613E+OO 1.63828374E-03 
~~~--~~--- ----=-,~-~-~-z::-zgo--s--6-76 s E-+--u-o---- ------I-~~-1 9 s 1 51 11 E-o 3 

2.51188643E+OO 1.96823766E-03 
-------c2~. 75422870E+O<Y • r57Tl46TE-03 

3.01995172E+OO 2.36389280E-03 
------3-.31131121 E+00----------2~~--596T9807 E-03 

3.63078055E+OO 2.83778151E-03 
~--~--:=3-.98T07171E-+6o___ . ·-3: 10852182E-03 

4.36515832E+OO 3.40442499E-03 
------- ····---·-·· -······~·-·· 

4.78630092E+OO 3.72762027E-03 
5.24807460E+OO 4.08035095E-03 

-------------·--- ---------------

5.75439937E+OO 4.46495844E-03 
6.30957344E+OO 4.88385719E-03 

. ---6:9T83-69TfT+o6. 5 ~ 339498b9E-03 
7.5B577575E+OO 5.83431711E-03 
s. 31763 111r+oo - · --6-~370665 s1 E-63 
9.12010839E+OO 6.95071786E-03 

.~·· ····---- - ---"·--------- --
1.00000000E+01 7.57635353E-03 
1.09647820E+Ol 8.24900801E-03 

~~~·1 :-zo~z2_6_4~43E-+ aT~~- -- s • 9 6 9 4 9 1 12 E-o 3 
1.31825674E+01 9.73777128E-03 
1.'t45tt3977E+01 
1.58489319E+01 
l~i3780083E+Ol 

--------- -· 

1.05527281E-02 
1.14118810E-02 

·-------- ----------- -----

1. 23111066E-02 
1 -:l ') /, /, ':l /... Q 0 r: - (\ ? 

POWER 
1.23369142E-05 
1.48322109E-05 
1.78322076E.:::os 
2.14389826E-05 
2.57752592E-05 
3.09885805E-05 
3.72563281E-05 
4.47917558E-05 

·5.38512422E-05 
6.47430101E-05 
7.78376069E-05 
9.35B05024E-05 
1.12507232E-04 
1.35261597E-04 
1.62617538E-04 
1.95505424E-04 
2. 35043641E-04 
2.82576550E-04 
3.39720085E~04 

4.08416537E-04 
4.91000339E-04 
5.90277070E-04 
7.09618289E-04 
8.53075358E-04 
1.0Z55159BE-03 
1.23278794E-03 
1.48191535E-03 
l. 78133369E-03 
2.14117114E-03 
2.57358495E-03 
3.0931632lE-03 
3.71740404£-03 
4.46728620E-03 
5.36794720E-03 
6.44948718E-03 
7. 7't791899E-03 
9.30628696E-03 
1. 11759784E-02 
1. 34182 52 OE- 02 
1.61060077E-02 
l. 9325Bl58E-02 
2.31802191E-02 
2.77903057E-02 
3.32985277E-02 
3.98717077E-02 
4.77041220E-02 
5.10204798E-02 
6.80785123E-02 
8.11707581E-02 
9.66249575E-02 
1.14802266E-01 
1.36092266E-01 
1.60903542E-01 
1. 89648379E-01 
2.22720142E-01 
2.60462055E-01 
3.03126694E-Ol 
~ t;{)J.l.?At-.1 t:;t:-()1 

·--~ 

-·····--····--------··· ---------

---·-~--·--- ·--- ·--·------ ·····-·-----

---··-·-·---·---

- -··~--···· -·-·-·---·-·-··· ---
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000002 

000002 
000014 
000015 

000025 
000026 
000033 
000035 
000040 

000042 
000043 

000050 
000064 
000065 
000066 

000070 
000072 

000075 
000075 
000076 
000106 
000112 
000113 
000117 
000120 

000124 
000135 
000137 
000111·6 

000150 
000152 
000161 
000163 
000200 
000201 
000203 
000205 
000214 
000220 
000227 
000231 
000232 
000232 
000232 

000232 
0002'12 

c 
c 

c 

c 

c 

c 

c 

c 

c 

PROGRAM ENCON ( INPUT,OUTPUT,TAPE2=INPUT,TAPE5=0UTPUTl 
DIM ENS I ON 8 ( 15 ) dH 15 ) , XL ( 3, 15 ) , CUR ( 3, 15 ) , G ( 3 ) , E ( 3 ) , C E ( 3 ) , XC U R ( 15 ) , 

1XXL(15) 
SLL=LENGTH OF SHEET STEEL 
CSA=CROSS SECTIONAL AREA 

READ(2,10)SSL,CSA,TURNS 
BINC=O.l 
U0=16.*ATAN( 1. )*( 10·**(-7. l) 

READING IN VALUES OF H, AND CORRESPONDING B READ FROM B-H CURVE 
DU 90 N=l,l5 
READ(2,1l)H(Nl 
XN=(i\l-1) 
B(Nl=XN*BINC 

90 CONTINUF 
COMPUTING XL-I RELATION FOR DIFFERENT GAPS 

DO 93 J=l,3 
READ(2,lllG(J) 

INDIVIDUAL RELATIONS OF XL-I 
DO 92 K=l,l5 
XL(J,Kl=TURNS*CSA*B(K) 
FS=H(K)*SSL 
FG=I::l(Kl*G(J)/UO 

CUR= CURRENT 
CUR(J,Kl=(FS+FGl/TURNS 

92 CONTINUE 
FINDING CO-ENERGY (CE) AND ENERGY (E) BY TRAPEZOIDAL INTEGRATION 

CF.(J)=O.O 
E(J)=O.O 
DCJ 93 L=l,14 
ACE=(CUR(J,L+ll-CUR(J,L) )*(XL(J,L+1)+XL(J,L))/2. 
CE(J)=CE(J)+ACE 
AE=(XL(J,L+1)-XL(J,Ll )*(CUR(J,L+1l+CUR(J,Ll l/2. 
E(J)=E(J)+AE 

93 CONTINUE 
ECHOING DATA 

WRITE(5,12lSSL,CSA,TURNS 
·Do 94 M=1d5 
WRITE(5,13)B(M),H(M) 

94 CONTINUE 
PRINTING RESULTS 

DO 95 NN=l,3 
WRI1E(5,14lNN,G(NNl 
DO 96 MM=1,15 
WRITE(5,15)CUR(NN,MM),XL(NN,MMl 
XCUR(MMl=CUR(NN,MM) 
XXL(MMl=XL(NN,MMl 

96 CONTINUE 
WRITE(5,17)E(NNl,CE(NNl 
WRITE(5,l6) 
CALL SETPLT(l,XCUR,XXL,15,1H*,8,8HLAM VS Il 

95 CONTINUE 
CALL EX IT 

10 FURMAT(3F10.4) 
11 FORi"IAT(Fl0.4) 
12 r:oRfv1AT( 1 7RDBERf J) MARKS II 1 ,/r 1 ENERGY CONVERSION I',/,' DATA•,!, 

1' ALL VALUES MKS UNlTS 1 ,//, 1 SHEET STEEL LENGTH=',E15.8,/, 
2' CROSS SECTIONAL AREA=' ,E15.8 7 /, 1 TURNS=' ,E15.8,//,2X, 
3 1 l3 1 ,19X, 1 H 1

7 /) 

13 FORMAT(ZX,El5.H,5X,E15.8) 
14 FORI'-'IAT( 1 7GAP( I. IZ. I )= 1 .E15.8,//,2X, 'CUR' t17X, 'LAM') 



,I 

15 FURMAT(2X 9 ~15.8,5X,El5.8) 
16 FURfv\AT('7') 

000232 
000232 
000232 
000232 

17 FlJKI"lAT(' ENERGY= 1 ,El5.8,5X, 1 CO-ENERGY=',E15.8) 
END 

PROGRAM L~NGTH INCLUDING 1/0 GUFFERS 
002711 

UNUSED CUr"lPILER SPACF 
006000 

LOAD fv1AP. 01/17/72. 18.10.13. 

FL REQUIRED TO LOAD 27100 
FL REQUIRED TO RUN 20600 
INITIAL TRANSFER TO ENCON 103 

bLOCK ASSIGNMENTS. 

BLOCK ADDRESS LENGTH FILE 

tNCON 102 2717 LGO 
SCTPLT 3021 5604 SYSLIB 
ORDER 10625 33 SYSLIB 
ROUND 10660 57 SYSLIB 
REDUCE 10737 40 SYSLIB 
FACT 10777 71 SYSLIB 

/COMPLOT/ 11070 133 
PLOT1 11223 342 SYSLIB 
PLOT2 11565 162 SYSLIB 
fTNP3 11747 224 SYSLIB 
FTNP4 12173 276 SYSLIB 
COfv\PSUB 12.!~71 71 SYSLIB 
ACGOER 12562 12 SYSLIB 
ALNLOG 12574 67 SYSLIB 
ATAN 12663 74 SYSLIB 
EXP 12757 57 SYSLIB 
INPUTC 13036 102 SYSLIB 
KODER 13140 1247 SYSLIB 
KRAKER 14A07 1174 SYSLIB 

/SCOPE2/ 15603 0 
SYSTEI'-1 15603 1076 SYSLIB 
SID$ 16701 1425 SYSLIB 
OUTPTC 20326 72 SYSLIB 
RBAIEX 20420 41 SYSLIB 
GETBA 20461 17 SYSLIB 
RBAREX 20500 57 SYSLIB 

PAGE 1 



RLJBER f J) fviARKS I I 
ENfRGY CONVERSION I 
D/\TA 
ALL VALUES MKS UNITS 

SHEET STEEL LENGTH= 5.00000000E-Ol 
CROSS SECTIONAL AREA= l.OOOOOOOOE-03 
TURNS= l.OOOOOOOOE+03 

o. 
l.OOOOOOOOE-01 
z.ooooooooE-Ol 
3.00000000E-Ol 
4.00000000E-01 
5.00000000E-Ol 
6.00000000E-Ol 
7.00000000E-0l 
S.OOOOOOOOE-01 
9.00000000E-Ol 
l.OOOOOOOOE+OO 
l.lOOOOOOOE+OO 
1.20000000f+00 
1.30000000E+OO 
1.40000000E+OO 

f3~H CC) Of~OINA"I 

B ~ H e;, tJ f'! E: 

H 

o. 
Z.OOOOOOOOE+Ol 
3.30000000E+Ol 
5.00000000E+Ol 
6.00000000E+Ol 
6.70000000E+Ol 
8.30000000E+Ol 
l.lOOOOOOOE+02 
1.40000000E+02 
1.67000000E+02 
2.30000000E+02 
3.00000000F.+02 
4.20000000E+02 
8.00000000E+02 
1.75000000E+03 



l;.L\P ( 1) = 5. OOOOOOOOE-04 

CUR LAt~ 

o. o. 
4.97BB7358E-02 l.OOOOOUOOE-01 
9.60774715E-02 z.OOOOOOOOE-01 
1.44366207E-01 3.00000000E-Ol 
1.8~154943E-Ol 4.00000000E-Ol 
2.32443679E-01 5.00000000E-Ol 
2.80232415E-Ol 6.00000000E-Ol 
3.33521150E-01 7.00000000E-Ol 
3.88309886E-01 S.OOOOOOOOE-01 
4.41598622E-Ol 9.00000000E-Ol 
5.12887358E-01 l.OOOOOOOOE+OO 
5.87676094E-01 l.lOOOOOOOE+OO 
6.87464829E-01 l.20000000E+OO 
9.17253565E-Ol 1.30000000E+OO 
1.43204230E+OO l.40000000E+OO 

ENERGY= 5.57679611~-01 CO-ENERGY= l.44717961E+OO 

41 ) 

Ji 

I 

) ) ' 

) 
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v 
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AP XI 
J{ 

2.00 +-- ---------------------+------------------------+------------------------+------------------------+ 
I I I I I 
I 1 I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 

1.00 +------------------------ -----------------------+------------------------+------------------------+ 
1 I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
r 
I 
I 
I 
I 
I 
I 
I 
I 

o.oo --------------------+------------------------+------------------------+------------------------+ 
o.oo .50 1.00 1.50 2.00 



GAP( 2)= 1.00000000~-03 

CUK LAM 
o. o. 
8.95774715E-02 l.OOOOOOOOE-01 
1.75654943E-Ol 2.00000000E-Ol 
2.63732415E-Ol 3.00000000E-Ol 
3.48309886E-Ol 4.00000000E-Ol 
4.31387358E-Ol 5.00000000E-Ol 
5.18964829E-Ol 6.00000000E-Ol 
6.12042301E-Ol 7.00000000E-Ol 
7.06619772E-Ol S.OOOOOOOOE-01 
7.99697244E-Ol 9.00000000E-Ol 
9.10774715E-Ol l.OOOOOOOOE+OO 
1.02535219E+OO l.lOOOOOOOE+OO 
1.16492966E+OO 1.20000000E+OO 
1.43450713E+OO 1.30000000E+OO 
1.98908460E+OO 1.40000000E+OO 

ENERGY= 9.47609221E-Ol CO-ENERGY= 1.83710922E+OO 

I {, ' ' ~m ~ m 
) I ' I ~ () 

i ~ f 

(i ~ 
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L 2.00 +------------------------+------------------------+------------------------+------------------------+ 
A 
fvl 

v 
s 

I I 
T I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

1.00 +------------------------+-------------------
! I 
I I 
I I 
I I 
I I 
I 
I 
I 
I 
I 
I 
I 

I I I 
I I 1 
I I I 
I I I 
I I I 
I I I 
I I r 
I I I 
I I I 
I I 
I I 
I I 
I I 

I 
-+------------------------+------------------------+ 

I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I I 
I I 1 
I I I 
I I I 
I I I 
I 1 I 

o.oo -------------------+------------------------+------------------------+------------------------+ 
o.oo .50 1.00 1.50 2.00 



GAP( 3)= O. 
I . 

CUR LAM 
o. o. 
1.00000000E-02 1.00000000E-01 
1.65000000E-02 2.00000000E-01 
2.500UOOOOE-02 3.00000000E-01 
3.00000000E-02 4.00000000E-01 
3.35000000E-02 5.00000000E-Ol 
4.15000000E-02 6.00000000E-01 
5.50000000E-02 7.00000000E-01 
7.ooooooooE-oz a.ooooooooE-o1 
8.35000000E-02 9.00000000E-01 
L.15000000E-01 1.00000000E+OO 
1.50000000E-01 1.10000000E+OO 
2.10000000E-Ol 1.20000000E+OO 
4.00000000E-01 1.30000000E+OO 
8.75000000E-Ol 1.40000000E+OO 

ENERGY= 1.67750000E-Ol CD-ENERGY= l.05725000E+OO 
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B8fi8£ll1KEJ 00DOOlJOO 66666666 99999999 
888FJE188888 0000000000 6666666666 9999999999 
b8 88 00 00 66 66 99 99 
HH 88 00 00 66 99 99 
KH 8B 00 00 66 99 99 

88888888 00 00 666666666 9999999999 
H8888B88 00 00 6666666666 999999999 

88 88 00 00 66 66 99 
88 88 00 00 66 66 99 
88 sa 00 00 66 66 99 99 
8S888888B8 0000000000 6666666666 9999999999 

f:l8888888 00000000 66666666 99999')99 

II JOB T 8069 ROBERT J. MARKS II 
-~~LIMITS T2H?. 
II NOTE PLFASE DO NOT FOLD OJTPUT-~DBE~T J. MARKS II-8069-
1/ fUR 
*IUCS(l403 PRINTER,CARD) 
*LIST SDURCE PROGRAH 

REAL M,KS,LD,ID 
Dirv1E\JSION C(3),COF(3),RR(2),,.n(2) 
READ(Z,50)R,LO,M,XO,lO,B,A,KS 
ALPHA=2.•A•LO*IO•XO 
WRITE(5,48) 
~~RITE(5 9 49lALPHA 
CM=l.I(KS-A•LO•IO•IOl 
C(ll=l.ICM 
C ( 2 l = B 
C ( 3) =tv] 

CALL POLRT(C,COF,2,RR,RI,IERl 
DO 20 J=l 7 3 
WRITE(5,5l)J,C(J) 

20 CONTl1\JUE 
DO 21 K=l,2 
WRITE(5,52)K,RR(Kl,RI(Kl 

21 CONTINUE 
STDP 

48 FORI"'AT('l'l 
49 FORJ'v1AT(' ALPHA=' ,El5.8) 
50 FOf~iVJAT(8f5.3) 
51 FURM/\T(' C(',I2, 1 l= 1 ,El5.8) 
52 FORMAT(' RT( 1 ,12, 1 )= 1 ,El5.8, 1 REAL, 1 tE15.8, 1 IMAG') 

END 

FEATURES SUPPORTED 
IOCS 

~ORE REQUIREMENTS FOR 
COMMON 0 VARIABLES 

END OF COMPILATION 
II LOAD 

50 PROG~AM 216 



ALPHA=-O.l9~99998E-02 

C( 11= 0.500001J9E 03 
C( 21= O.lOOOOOOlE-01 
C( 3)= O.lOOOOOOOE 00 
RT( li=-0.50000004E-Ol REAL, -0.7071073YE 02 IMAG 
RT( 21=-0.50000004E-Ol REAL, 0.70710739E 02 IMAG 
S 32 STOP 0000 

EXECUTION TIME 0002 
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H!38Bf3BB8 0J000000 66666666 99999999 
HB88888888 0000000000 6666666666 9999999999 
88 88 00 00 66 66 99 99 
88 88 00 00 66 99 99 
88 88 00 00 66 99 99 

88888888 00 00 666666666 9999999999 
88888888 00 00 6666666666 999999999 

88 88 00 00 66 66 99 
88 88 00 00 66 66 99 
88 88 00 00 66 66 99 99 
tWB888888B 0000000000 6666666666 9999999999 

88888888 00000000 66666666 99999999 

II JOG T 8069 ROBERT J. ~ARKS II 
•LIMITS T293. 
II NOTE PLEASE DO NOT FOLD OUTPUT-ROBERT J. MARKS II-8069 
II FOR 
•IOCS(l403 PRINTER,CARD) 
*LIST SOURCE PROGRAM 

DIMENSION C(4),COF(4),RR(3),Rl(3) 
WRITE (5,12) 
READ(2,14)R,XLO,XM,XO,XIO,B,A,XKS 
XL=XLO•(l.+A•XO•XO) 
C(4)=Xi"l*XL 
C ( 3) =B•XL+R*X~~ 
C(2)=R~B+XL•(XKS-A*XLO*XIO*XIO)+( (2.•A•XLO•XIO•XD)**2.) 
C(l)=R•IXKS-A•XLO•XIO•XIO) 
CALL POLRf(C,COF,3,RR,RI,IERl 
DO 21 M=l,4 
WRITE(5,13)M,C(M) 

21 CONTINUE 
DO 20 J=1,3 
vJR IT F. ( 5, 15) J, RR ( J), R I ( J) 

20 CONTI ;\JUE 
12 FORMAT('l') 
13 FORt\ilAf( I C( I ,!2, I )= 1 ,El5.8) 
14 FORMAf(8F5.3) 
15 FORfv\AT(' ROOT 1 ,I2, 1 =1 ,E15.8, 1 KEAL, 1 ,E15.8,' IMAG') 

STOP 
END 

FEATURES SUPPORTED 
IDCS 

CORE REQUIREMENTS FOR 
COMMON 0 VARIABLES 

END OF COMPILATION 
II LOAD 

60 PROGRAM 252 

I 

I 
I 



C( ll= 0.50D001Dlf 05 
C( 2)= 0.5UD50J97E 03 
C( 3)= O.lOJ09990E 02 
C( 4)= 0.99B99992E-01 
~DOT l=-0.500D2090E-01 REAL, 0.70710739E 02 IMA~ 
ROUT 2=-0.50002090E-01 REAL,-0.70710739E 02 IMAG 
RUOT 3=-0.10010011E 03 REAL, O.OOOOOOOOE 00 !MAG 
S 32 STOP 0000 

EXECUTION TIME 0111 
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000002 

000002 
000006 
000010 
00001-/ 
000027 
000031 
000035 
000037 
OOOO£t6 
000056 
000060 
00006£1 
000066 
000075 
000105 
000107 
000113 
00011') 
000124 
000134 
000136 
000142 
000144 
000153 
000163 
000165 
000171 

I 000173 
000202 
000212 
C0021Lt 
000220 
000222 
000231 
0002Lt1 
000243 
000247 
000256 
000262 
000271 
000275 
00030't 
000310 
000317 
000323 
000332 
000336 
000345 
000351 
000360 
000364 
000366 
000366 
000366 
000366 

PROGRA~ PLURT( INPUT,OUTPUT 1 TAPE2=INPUT,TAPE5=UUTPUT) 
DIMENSION A(1l),A1(ll),B(l1),B1(11),C(1l.),Cl(1l) ,0(21), U1(21), 

1 E ( 32), C 1 ( 32), F ( 7), r l ( 7), G ( 7), G 1 ( 7) 
WRITE(5,18) 
DO 90 J=1,11 
READ(2,15)A(J) 1 Al(J) 
WRITE(5,25)A(J),A1(J) 

90 CONTINUE 
WRITE(5,19) 
DO 91 J=1,ll . 
REA0(2,15)B(J) ,Bl(J) OA TA AN 
WRITE(5,25)B(J) ,Bl(J) 

9 1 C 0 fH I N U f 
\~RITE(5,20) 

DO 92 J=l,ll 
READ(2,15)C(J),Cl(J) 
WRITE(5,25)C(J),Cl(J) 

92 CONTINUE 

9 -, 
:.; 

94 

95 

WFUTE(:J,21) 
()0 93 J=l,21 
READ(2 9 15)0(J),D1(J) 
WRITE(5,25)0(J),Dl(J) 
CONTINUE 
WRITE(5,22) 
DO 94 J=lt32 
REA0(2,15)E(J),El(J) 
WRITE(5,25)E(J),El(J) 
CONTINUE 
WRITE(5,23f 
DO 95 J=1,7 
REA0(2,15)F(J),Fl(J) 
WRITE(5,25)F(J),Fl(J) 
CONTINUE 
WRI TE(5,2't) 
LlO 96 J=l.d 
REA0(2,15)G(J),G1(J) 
WRITE(5,25)G(J),G1(J) 

96 CONTINUE 
WfUTE(5,16) 
CALL SETPLT(l,A,Al,ll,lHA,l,lHAl 
WRlTE(5,16) 
CALL SETPLT(l,B,Bl,ll,lHBt1,1HB) 
WRITE(5,16) 
CALL SETPLT(l,C,Cl,11,1HC,l,1HC) 
WRITE(5,16) 
CALL SETPLT(l,D,Ol,21,1HO,l,1HO) 
\tJRITE(5 9 16) 
CALL SETPLT(l,E,El,32,1HE,lrlHE) 
WRITE(5,16) 
CALL SETPLT(1,F 1 F1,7 9 1HF,l,lHF) 
WRITE(5,16) 
CALL SETPLT(l,G,G1,7,1HG,l,lHG) 
WRITE(5,16) 
STUP 

15 FOI<~/\T(2F5.3) 

16 FOR~AT( 1 7 1 ) 

18 FORIV,AT( 1 70ATA A1 ,/,5X,'I',19X, 1 V1
) 

19 FORfVAT('70ATA l:l 1 ,/,5X, 1 I'd9X,'V') 

Ml 



000366 
0001(J6 
000366 
000366 
000366 
000366 
000366 

20 FCJf{IV,AT( 1 7DATA C 1 ,/,5X, 1 I 1 vl9X,'V') 
21 FCRiVAT('7DATA D1 ,/,5X, 1 I',i9X, 1 V 1

) 

22 FDRIVAT('70/\fA E 1 ,/,5X, 1 I',l9X,'V') 
23 FDR~AT( 1 7DATA F 1 ,/,5X, 1 I'd9X,'V') 
24 FURIVAT( 1 7DATA G 1 ,/,5Xv'l'd9X,'V') 
25 FORMAT(6X,Fl0.6,5X,Fl0.6) 

END 

PROGRAM LENGTH INCLUDING I/C BUFFERS 
003072 

UNUSED CUMPILER SPACE 
002500 



D 1\T !\ A 
I v 

').500000 60.000000 
1.0.000000 57.000000 
lS.500000 1)3. 000000 
20.000000 50.000000 
25.000000 45.000000 SHUNT 
29.000000 'tO.OOOOOO 
33.000000 37.000000 ( Rl£ C:JI 
3Lt • 000000 33.000000 
35.'500000 27.000000 
16.600000 7.000000 
~ • ijx@('H) 00 &3 • fl~HHHH5 
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I 

I 
I 
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I 
I 

40.0 +------------------------+------------------------+----------------------?~-=-----------------------+ 
I I I A I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
l I I ' I 
I I I I 
I I I 
I I I I 
I I 1 I 

.o +------------------------+------------------------+------------------------+------------------------+ 
O~O 10.0 20.0 30.0 40.0 



Ut\T/\ B 
I 

~;;Q,(~~ 

o.oooooo 
5.400000 

10.200000 
14.700000 
18.800000 
22.400000 
?5.900000 
28.700000 
30.000000 

.Pvl?QQQt) 

v 
@ • CHH3't3:@ &" 

125.000000 
120.000000 
115.000000 
112.000000 
108.000000 
104.500000 
101.000000 
98.000000 
95.000000 

lo@Jo8 • ~ El 9 8 El @ 

SHUN 
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Dt\T/\ C 
I 

l.UBOOOO 
1.020000 

.910000 

.810000 

.720000 

.650000 

.S60000 

.500000 

.1120000 
o Lt 00000 

@ • €l @EHHH:l 
I.IG 

v 
155.000000 
150.000000 
140.000000 
130.000000 
120.000000 
110.000000 
100.000000 

90.000000 
80.000000 
78.000000 

125.000000 
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c 220.0000 +------------------------+------------------------+------------------------+------------------------+ 
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• -8 f:H:h'3 0"(') 

v 
115.000000 
103.000000 
93.000000 
82.')00000 
80.500000 
77.000000 
75.000000 
7't. 500000 
67.500000 
60.000000 
54.000000 
48.000000 
45.000000 
42.000000 
38.000000 
34.000000 
30.000000 
26.000000 
Z't. 000000 
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UATA l 
I v 

~~ 

.760000 120.000000 

.700000 115.000000 s 

.670000 110.000000 

.640000 105.000000 (N ,_ AOJ 

.580000 100.000000 

.550000 95.000000 

.510000 90.000000 

.tt75000 B5.000000 
• ltLtOOOO 80.000000 
• It 00000 75.000000 
.360000 70.000000 
.330000 65.000000 
.300000 60.000000 
.270000 55.000000 
oL40000 50.000000 
.210000 45.000000 
.190000 LtO .000000 
.160000 35.000000 
.130000 30.000000 
.100000 25.000000 
.oeoooo 20.000000 
.860000 130.000000 
.920000 135.000000 
.960000 140.000000 

1.010000 145.000000 
1.060000 150.000000 
1.130000 155.000000 
1.190000 160.000000 
1.250000 165.000000 
1.320000 170.000000 
''5«£ '~'"&e'~ ,ezs. ouoooo-
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.o --------------+--------------+--------------+--------------+--------------+--------------+ 
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~. 66"00liO 
10.000000 
l't. 500000 
14.500000 

6.000000 
&t- 8 dHHH'H9 0 

5.500000 

v 

56.000000 
48.000000 
34.000000 
10.000000 
~l.QQQ@Q~ 

10.000000 
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10.500000 
15.500000 
20.000000 
26.500000 
32.500000 
~ • t~H500UO" 

v 
~ 

60.000000 
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62.000000 
62.500000 
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'-lnductoon pockup 

-._Ferrite strop 

·-- Conduct1nc 9round strip 
Matched line 
1 erminat ion 

Insulating 
support 

(a) ,Schsmalic view of transmission line w11h onducllon pickup 
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(b) Cross section view of (a) Typico I dimensions (em) o • 40, 

b ~ 2 5, c • I 20, d • I 0, e • I ,. f = I 0 0, 9 • I , h • I 2 , ~ • I cn9! h • 
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Cil"<:uit model fo:: trans;:dseio:t line scpplyin~ pov~-:­

to a veh1c.lc by ::.c.a..'"'ls of .:.n inGuc::!.on picku?.· Fo= .:1 

~ivcn ?1ck~? =nsne~izing inductance, L~ wi:h wL >> R • 
0 2 

"'"'xl::::u:n pOI.lel:' in R.'occu::-s for R- wL. ?(:>ax) • (V/R0 ) 
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-4'1-

-........ ~ 



' I 
.i 

j 
I 

'' 1 
1 
l 
l 
1 
1 , I 
j 
l 

1 
,I 

I 
'l 

ii 
·I 
·I 
!\ 

d 
' I 
I . ' 

... ·: 

6.0 A l.l:.IE:AR INDUCTION PO;.'ER-'!P.A!~SF!:R SYS'!EX ro!t V<:HICL!::S 

6.1 Introduction 

n,e usual method o( trano!errin~ electric rover to a ~vtng vehicle 

1~ by rnenns of a nltdin~ contac~. For a h1Rh ~peed vehicle th~n ~-ech- J 

\ 
nique: .sppe.c.:-s to h.e.ve p:-o~lem',. both becn.u~e of the !tpec~. a."'ld bec.,u~e 

of th~ l~~ze p~er requtrco. Xoreover. the normal u~e o( de or 60 cps 

?<='•'"'r poses problemt1 bccsu~e the hiRh voltap.e vhich 1s ,-equ! red for \ 

~f(ic1cnt P~Jer trAn~mic~1on i~ not 'CO~V~ntent fo~ r~o~ul~1on. ~0 heavy 

on-boerd voltng~ reducing ~~uiprncnt ~~y be ~c~utre~. 
. I 

Thts report consilers the ro~sibil1ty of tncrc~~in~ the pcve~ rre-

~UCn~y ~~d transferrin~ p~JC~ by inductive COU?lin~ instend of by ~l!d-

inz con~~~t. Sorne of the impo~t~~t den1~n p~r~mc:er~ are con~!~~~ed Ar.d 

roue~< c"lce~lntl.on~ for a typical 3ystcm ere pre•ented. 

6 .. Z Fick'JP Design Con~1t!e~at.ion:s 

. There sre sevet'al •.re.y,_ 1n vhic:h an induction pickup co...:ld ~xtr:~.et 

p~er from 4 P""er line. !'erhnps the ~i"'r lest would b., A lar;;:e ferr1 te 

rod antenn~ incc'!':~d betvecn the wires in a tvo vi~e line. Cle~~ly. 

chis type of structure vill not be very efficient nt 60 hert: but ~t a 

frequency of several hundred kilo-hert:. a substantial pCYer eoul~ be 

·- tren~formed. Unfortunnt.,ly, the u~e of too high a !rcquency cr"ate~ 

proble~ because of the relatively short vavclen~th and bee~use of the 

sm;~ll s'<.i:t. depth for current~ in the trnns:U.s:!:ion line v!.re$... Xo!'eove!'. 

it is eaaier to generate, control. and utili:e electric p~~er if the 

!r~~uency ie 1n a ~nns~ 'uitable for high pcver s~~iconductcr levic~s. 
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H~nC:e. !t !s ~e:~d.:Z~bole ::h:1~ s!:e?S be: ti!k~n to tnc.:-ease the m.c.::,n<:-::ic. 

'CO\l?l1n~; !;,'l!tYe<"n the flO""'e::- l~n<!' ~r:.d the pickup co1.1 iil orc!~r th.o:t ~he 

~r~~~m!ssto~ !r~~u~ncy c~n be kert us 1~ ~s poss!b!c~ 

Ff£u~e 6-1 shov~ ~ ten:~tive clc~i~n f~r zn inGvct~on ptcku~ Ln ~~i~h. 

.an .. !::., 'h~r~<! fcrr!. ~e co:-c is usc~ "-"i th the plc~u;"'' coil vcund ?.:"Ot:':"'C. t::e 

ccn:er le~. 1\ thin ferrite strip ts: placed undet" the tt"Z':".Sr.'lission !inc,. 

:o :h3t t~e !l~x cncirclin~ ~lc tr~~srn~~~ion l!ne wir~s ~ecs 3 ~cl~tivclv 

se.e.!l .:iT r.,cr bet .... ce::"l the ptckur .:1ncl thts !'S.~~tr .. Th~ :ranst':'lissio~ line 

.e..'"'td ?tck.up col: fo::"'::'\ a tr=..."1sfo:-t:'ter '-'i~h :~c '"r: .. core ~nd fer-:-itc z.trip 

l 
~n~lo~ous to the t-1 l~~~n~:~o~~ ~5e0 in eo~vcntion~l tr~~s{o~me~5. 

The pic.ftu";" c<"uld, in :'l:'~nc!;:"lC~ be o~cr.:1.~c~ \.·ith A ccnst:G;;::, vclt.n~c 

o'!' .:t c:~~:.e..-.t cu:-r~n':. !.n the !H."~'I":''~~l· !l~cvcr,. if ...,.c cssui.l':' t~c.: th~ 

t:'c::"l'S:'!~S:3i.On lt:":.~ !.S ~~~)" \J.O."J'C~('nl,thS lon::,. i!: ~p;1C.C':"S th:.'l~ the c~ly 

p:"ltCttc~l tr.OdC o[ Of'C't~':.~On is Vlt~ :t con!'lt.:O::l: .=!4"tlf.t• .• HJe t!":t\."C1lt:'l$". W".:lV~ 

on th~ line. Fo:- e:x:r.~le,. th~ li!1c could be cxcitct!. at one C:"'.cl ;.-,nd 

:.e~!nated in a :natchec! lo.:!cl at t~c other e:1d.. A.""t equiv.,lcnt circuit 

!o~ th!.~ :r::ot:e 1~ s!\o-..m in Fi~ .. 6-2 •·here R
0 

is: t.hc charac~~=is tic 

it:":?eG.a~ce c: the ltne, !... ts t:'h~ !"r{r.-t:!ry T:l~~rH~ti::in~ in<.!uctn.nce of the 

t:::c!'lsfo:-r.cr .. z...~d R is the lo~d rcf~:-r~d to ~ one tur':1. ?ick'l.rp coil .. 

Cle~rly. t!':e lnrg(!'!" the ~.:tgr!.etizin~ inrluc!':~nccl> the l~r;::c:- th(-

pO"w•cr vh1.c:h c~~ be .Cclivercd t:o the lo."td. As .n. pr~c.~ical moCtcr. the 

inductive re~c.~ancc of the pick~p~ L. will be ~rnzll co~pn~cd ~i~h R
0 

so 

the t'!"~~sfo~r v~ll cffectiv~ly operate wtth a con~~~r.t cur~cnt i~ 

the ?!'"im.:l.ry. If !l,cve~:!l v~!'ticlcs .o.~e coupled to ::he li":'lC .at t~c s.::~ 

ti::e, t~'!'!'"<! vill be sot::e :-ec!uct1o':1 in c.u-:-r~nt., but thi$ docs no:. .nppear 

to be s!gn!.f!c~~t for a !:':"..tltiply excited ~ystct:'l of the type to be Ccsc:-!.be<i. 
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b.5 Conclusions 

On the basis of relatively crude calculations, i: :.ppe:>t"S to be ) 
by ~ans of :.n induction pic~up. For a typical example, it is po~s1ble 

feMiblc to transmit pwer from a t"~:.:m~mi.~sio,n l1~·u~ ~o a. n;?vi:'~ vehicle 

to tr.1.nsfer 01 pO\Jer of 2.5 rr.c~.T ... atts to a picku? 20 _meter~ lonR • .as5uoi.n~ 

a trans:;dssion frequency of 18khz, a current or 4Cl0 :1m;>eres, and a 

voltage of 100 kv. 11lc ._.ciRht of the ;>ic~up is on tb<.> nrdcr of 2 kilo-

gra= per kilo11att of power output capability. but this could be reduced 

by using a smaller clcar:1ncc bct..,ccn the pickup and the ferrite ground 

plane, or by using a l?i~thcr Hn" frequency. The "ssurned clearance"'"" 

l em 'Jith an allo~"nce o~ ~ 10 em for side to side motion of the pickup 

._.ith respect to the tran~mi33ion line. The system efficiency is berwccn 

69~ and 98k, depending on the economics of trnnsmission line con•titution, 

and aoour.>.ing 100 vehicles consuming 2 ""'~'""""tts each on a 100•) km NO-

'-'!lY track; 

It is" anticipated that t'JO cajor problecg are gcneratin~ high 

pa~~ers at 18 kh:, and maintaining a conotant v~ltagc on a tr~~•rnis5ion 

line '.lhich ia ::nany "avelcngths long. 
Another problem is the rather 

larr,e "eight and size of the pic~up, but since the pickup •erves a• a 

transformer, on-board transformers c"n be eliminated. The po•oible 

feasibility of an"induction pickup sugg~sts that further 6tudy 1e 

"arranted in order to a•rivc at more accurate design criteria And per-

formance expectations. Experiments on si=?le ~cnle ~~dcls could be 

used to verify the design relations. 
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vould th~n be SO kv vhic~ doee not appea~ to be too hizh eon~t~erin~ the 

~ 

minimum spacing between pickup and line is 8 e~. 

TI1c e~cttation frequency for the tran~mise1on line should be as 

le<~ as ('O<J~i';,le con~l.etent wl.th traM(er of the '"'~ired amount of pever. 

/\:!; a typical exer.tple. if the frequ'!ncy 1a select"!& :,'=" b~ 18 i:.h::. if the 

pickup .ha~ the dl.~nciona oh~Jn in Fiz. 6-l. end if the line cu~rent i~ 

400 a~~reo. th"'n the~~!~~~ p~Jer vhl.ch can be delivered to the vehicle 

1~ ~out 2.5 ~s~etts.· !he choice of lS kh: eppearo to be re~~one~le 

b~cau~e it cnn be conve~ted to de or !uJer freq~e~cy ec by ~nn~ of h!~~ 

p~~cr eolid state device~. Also, 18 kh= 1~ ~~ove the no~~l audio rcnRe 

:o that objectionable noise ie ~inirniT.ed. 

The choice of line frequency ie aloo gove=ned by vevelength eon~1d-

era~ion3. Typically p~Jer might be fed into the line at intervale on 

t~.~ '>rd~r of 30 to 100 km, end it is c!e•irahle to ml.n1~%e th<! nu::ber 

of ~avele~~t~~ betveen =ny tvo.feed points. if a re~on~ly lov stendin~ 

~avo ratio is to be ~intained in spite of the pre~ence o! a nu~~er or 

vehicleo on th~ line. An exc1tati~n !r~quency of 18 kh= v1ll pr~uee 

a vavelength of ebout 14 ktlc~tera, vhich ia prObably on the l~~er 

edge of practice::.1.·~. It "'ould thus be desiral>le to .cvoid =ing e 

frequency cuch above this value. 

6.~ Efficiency of the Induction Povcr Tranemission System 

!he power lo~n on the transmission line v111 be primarily 1
2

R lo~s 

caused by currents in ~~e line. If the vires vere aluminu= tubes oC 

dinoeter d end vith vall thickness greeter th~~ the s~in depth 6• then 

the res1st3nce per ~~it l~~sth of a two wire line i~ about (2p/~d6) 

-54-

•••• ""':'"olr .... -: ... ~-·-·· •- \0 •..J.i..•,••ft .f'.,.-.,..-,.,. ,..,._, • • ... •,-,,. -· 0 0 

9 
~ 

'CcC'_,....,..,.,....,,.....,.,~-,.,......--~,.,.,.,..,...,.,,..,.,.~~· 
,~ ... ,.,~~~~'~"~":"l'~~-,~,..~.,.,~. -· ;_.;::::::·-

vhere 0 1s the :-e~i:5!::tvit)~.. Fo:- .t!lu::inuc o • 2.8 x 10-S o..'t~":':'! .:::...~d .. .o.~ 

18 k.~::; J • 0.63 !::::.. ·r·rn;!J fer C!.::'ler:sions shC".rn in Fig: 6-1. R l$ ~out 

0 .. 28 o..'l~ p~r kilC"r::cter.. t:t th l - 4\30 nr:'l?~re~. ':.he pC"Ver loss wo-.;1d be 

45 kv/k~. Thi!.t ~~u=~~ ,,f los!'~: is h.tRh. l!nG p:-obd!Jly :1ct p:-nc:~tc-91. 

Th~r~ ~re. ho~ever. n nu~~e~ of ~ays of =~Cucir.g thi~ lc~s. ~c= exa-~le. 

a nuo~er of in:ulate~ vires could be ~~i~ted in s~ch a ~~y tb~t ~he 

cu:-r~n~ !.s s~:~r-ed b~t...,C("t\ the v.ertous ':.li.!"c~.. M a lC"!Je!." l!.~i:: on 'l.oss 

ve could ~clcul~te th~ re~ietence ~s~un!nR :hn~ t~e entire c=oss sectio~ 

of the lin-e is <::arryic~ currcn~. The reeista:'!.ce is then !csz th::n 0 .. 01 

o.."lms per kf..l<.m ..... •ter ~o th'C pQ"...·cor lc~~ !.~ reduced to le~~ th~n 2 k...,fk,rn or 

2 t""~C~t-~att~ !'or :he cn.ttre 1000 k~ llne .. Othe:- los:H~s in the :tne :l?j.t~.:tr 

t.o be n~::;li;::,ibl~. Y!.th .. for exl!..yle, ferrt:.c lce~c~ Z-"""ll\..l!\tin:~ t-::- !e~s 

\ 
) 

th-'.n 10 v:ttt~ per k!lcnetc:- .. 
I 

For rur,o~e of exa~le, as~u~ that ther~ ere 100 cv~nly sp~ccd 

vehicle' on ~ 1000 k~ two-vey trnck. ~~au~ fu:;the~ thnt the vchicl~ 

ape~c! 1D 480 kn/h:- (JOO ~h} • .end <·~ch veflicle con!lumc:~ Z ~t!t:-..-n.tts of ,., 
pcver .. These ~!i5u~rptt<"n:s i:r;"J!y· a v.ch!c:le spec!.ns of ZO km (12 ntlc~) 

o!' .t.O t'ieco~t.ls. tr tl1e f'C'IJ'Cr-fccdi~:.!. stnt:!.cn~ ~=e: loc.nt.e:cl every SO k:n 

(Jl mile!>). :hen f!ach st.:t:ion !Jill surpl)'" :!.n n.•.•erzs.e of::: 1/2 vehicles 

on. e.o.c:h :r::<:k. for n tot~! pc-..re::- of 10 ~r;c-:..·nt:t~ _,er cta:io::. or 200 

... . . 
rncRCJ~tt~ over~:l. Th~ 1 R los~ for ~he s~~lc al~~inum tub~ Yircs-

voul~ be 90 kll~~tts. ~tvtr.~ ~ trans~i~sio~ effic!e~cy ~f 59~. The 

lever li!!'l!c. on loss for- st.r-.-,~dcd ,_.1r~s vculd be 4 ~~-T..l.:l'::t:s. givin$: a 

tr.,..,.:u~!.::~ton ef!"!.c1ency of ~$Z. Tlh• ec:ono::ticnlly o;>::i~m solution 

prc~ably lie~ so~vhere bet:~een tiv.!:-'1!: e:w:::rc~3. 

·--....: 

-:>5-



·~=,.;c, <,N,< ,-..,, ,....,.,~~ ~-,-

\ / 

tiB..."'lsrnission linan can be tied tog~thcr n.t quarter wave lengt.lt 1nte:r.tnla 

so that ~~y quarter ~avelength section can be de-energi:ed ~1thout inter-

rupting operation on ~he remaining sections. 

Figure 6-3 shews a typical two-Yay syG~m ~ith qua~ter v~velcn3th 

tic pointe ~nd a conat~~t voltage generntor connected ~cross the lines 

ever; 3/4 wavclensth. The senerators are so phased that p~er flOYs in 

opposite directions in the ~o lineD and thus the rms voltage And cur-

rent·on the lines ~re nearly independent of position. It is 43Dumcd that 

Only one or tWo vehicles vill be b~~-~~n any two r.cnerators. so the 

vehicles •.d.ll not cause more thsn ebout: a 5%. V.:lriation in ltnc voltnge. 

In order for the tra.."'lsrn.ission line to operllte in the travelling 

v:ave ::iOGe,. it io neccss.acy th.nt the ratio of line-to-line volt.:t~e to 

line curr~nt be equal to the characteristic i=pe~~nce of the l~n~-

There is relatively little design freedom in the choice of the line 

imped~ce becnuoe it depends on the logarith~ of the rnt1o o~ various 

cross zectlono:l ditnensions. For any choice that appear3 at all re.uon-

able for use with "" induction pickup, this imped~~ce 1z in the range 

of 200 to 300 ohma. It appearo that the impedance of the m~gncti%in& 

inductanco of the pickup is nbout an order of magnituce lens thL~ th1$. 

so it is desirable to use the l~cct possible line 1cyedance. In other 

:..ords, the pa.rer transferred to the pickup depends alt'l05t .-~ntircly <?n 

the line current, and we would like to rninirni~e the volta~c re~uired to 

produce this current. A3 a typical cx~lc, the transmission line 

shown in Fig. 6-l is estimated to have a characteriotic impedance on the 

order of 250 ohma and typico:l operating condition~ ~ight be 100 kv 11ne-

to-line voltage' and 400 ~U:~?eres• line current. The line to ground voltage 
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. The.rickup de5iKn shcvn tn Ftg. 6-1 h~ a magnetic field air ~ap vith 

a rc.lattvely larf:e area nnd ~h<H't len)!:th. The flu>: dendty 1n the n!r 

ga;> b quit" l<"ol :>o th<• ferr! t" mo~~·n.,ti c circuit h-'!5 1e"~ th:m 10::: <'( the 

aTe~ o( th~ n!r ~~p. h vide ~rn~tn~ i• all~o~ed betveen the tr~~~~"~ton 

line and th.~ t>lckup in orUcr lhn:. ., h!~h voltnge line can be c:.u .. "~. AI~~. 

~ con~ld~r3ble l~titu~c ~~ 4ll~Jed (or sidcvnys rnot1~ o! the y1ckup 

'Jith :-cspect to t[\e tran:smt:;:r\ion l!ne. The hei;;.!lt o! the tr~~~~15ston 

line above ,~routh.t l~ m.'lde lar~c (!nnu~h to m1nin:d.ze pc.tcr lo!"'~e5 1:-t theo 

!err!.te Bt~!p Yht"n che pickup 1:; not pre!>ent. and to m!n1m1~e the 

c.hwtr.uctc:-lstic 1.rnpcdnncc of tht! line. A condue:to:- un<!er th~ fcorr!:e 

prov!O..:~ :1 ltv lC'ss ~:-ouuU pl..1n~ ~w.J rn!nl'Jlizen the exte:rnnl ftelJ of the 

line. An uluminu:u f r.lmc over the pickuj) provl~cs both :'ft'r'..!c:turn.l 

:ttrcn;:;.t~' !or the pickup nnd ~ldetUtnr. fot' the vch.!.cle. It !.~ env1..~tonc& 

JJ th~t the p1<:kup W'C'Iuld be .an i.nte~~ll 1 p41rt' of the veh!.c:le n.:•td \lnuld f!'Xten<! 

all!'.ost t'"' full len~th o! the vehl.de • 

Typ!c•l <li=nsl.ons "r" ~!H...,n in FiJ::. 6-1. ?erhap~ the "'ost 1e;>oT-

tant c.Ilmenslou 1~ the cle:ar.o.nc:e· bet\lecn the: p!ckup nnd th-e !er-rite r.rou~d 

strip (i.e •• "r." In F'lJ;. 6-2. Thl~ distance 1" 11s•u,..,d to be 1 em but the 

ro-o~er output co·Jld he doubled by re<lue!ng .t.'>i~ distance to l/2 eo, A 

m!nirnum clearance of &>out. R em 1~ n~su~d betveen the pickup and the 

transmission line, ·._.1 th "" all'"'"b l.o s t<le-to-,.ide motion for the piei<up 

of about ::_10 t.:n1 "'I th r~srcct. to the tr:tnsmission l!ne. Th-::: shoes on the 

bottom of the riekup are made M long "" practical v!.thout interfering 

•.Ji.th th<' t<"ansmis~ion ,line suppo~ts. The let!Kth of the ?Lckup is "S$umed 

to be 20 m .. ters b"scu on a vehicle lenr.th of nbout 30 =tc:'s. T11e ma~ 

:1et.ic ma"'erial in the pickup is ttssumcd to b~ fe:-:-1t:e. buc l.nm.in.:tte:d 

-·-· ... ,_ .. _., .. --·- ·---.. ,. .......... 
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~teel could equ~lli vell be u5ed. The =-~5~ of ~~e ?1~~up 1z eztina~ec 
-:.· 

at ab~Jt '.000 kg. 

Since the ?!ckup ~~have~ like a tr~nsfo~r. ~!~~~ ~y o~~put 

volta~e c~n be l~vel~~ed by ~~!ng ~~ ~?~ro~r1a~e turns =~tio. !f 

~e'i~ecl. :~e pickup could be divf~cC in:o ~o or ~~e sectio~s ~ith e~ch 

~ec:!cn beh~vi~S ~l~ost a~ an ind~pcnd~n: pic~~?· r.~is =o~e =!~h~ b~ 

Ges1rable t! there we~e ~o or =ore 3Cpnrate ooto~ us~d fo~ propulsicn • 

6.3 T~~n~~~sion t!ne De~l~n Cc~siler~tions 

~~ :~~~~~!=~ion lin~ enn be o~e~~ted in ~eve~~l po~~ibl~ ~o~0s~ 

a!\~ t.ht! b~3t c.~oi>:e ca."1 only be oe~J~ .c.fte:- con:tC.ern:.ic::'l of ~ C.\!':7\:,e:- of 

e:conot:"!C fD.ctor::. For e:t.::..~:e, o~c: po:::sibil!.ty !.s to di·.·-:.Ge· ~he lint! 

!.n to ll n\:~c-:- of ~!1ort scc:.l.o:-ts •.t! :.~ e~ch ::ect::ion e~c:! t~ci only ..,..'h-2n c 

'tehi~le is ;::-res~:l':.. Sue:, .:t system .._.oulG. =rl.ni:7t1:.e :H .. :1c losses ... bu:. z:t 

~~ inc~a~c in th~ eo~t of e:c~trol cquip~n~. 

ror purpo~e o: ~~~~le~ it is ~s~~~d thnt i~ i~ c~si=n~le to e~cit~ 

the en.:ire l!.ne .. .O..."'H:! th~:. :.he '-"Chicles- :!re r.ce.=ly evenly ~?~'Ccd.. F'~ ....... c:-

!.:; ""~!t!.!~d to be r(:c into the U .. ne at ?Ci-icclic 1:'l.::er;als in o:-dc::- to !:l;ti.~-

tcin n n~~=ly con~c~~: voltage on :he line. !he en~trc lir.~ c~, b~ 

thousht of ~= ~ resonznt s:=uc:.ure ... except th~t ?~~e~ 1s f1cr~in~ f~~ 

o~e e!ld of th~ line to the othCr. 

In$tced o! ~c:ual~y trcn~~itting p~~er frc~ ~e end of ~~c l{ne to 

-~ du~· lo~d at the other end. n two-~ey tr~Ck zystcrn c~ be u~cd ~itb 

pov~~ flov~ng in opposite Gir~ct1~' in the t~o pnrallel ~~~ns~i=si~ 

line~. !he t~o l~nea ere then ~~osen to be an intes~~ nuobe~ of qu~rte~ 

vavelength= long and are joined nt e~~'> end. In ~dittcn. the ~~o 
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{a) ,Schematic view of transmiss•on line w1lh lt'lducllol'\ pickup 

(b) Cross section view of (o) Typical dimensions (em) a • 40, 

b ~ 2 5, c • I 20, d • I 0, e • I ,. f • I 0 0, Q • I , h • I 2 , ,f • I enQt h • 
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FICURZ 6~1 _,Typical Structure for Induction Pickup 
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Circuit rnodel fo= trans~saion line supplyinh paYer 

to a vehicle: by :CA.."'lS of an induction picku?.· Fo:- ~ 

~ivcn ?icku? cagn~tizin& inductance. L, ~i~h wL >> R • 
. 0 2 

~ax!~n power in R.occurs !o~ R- wL. ?(~ax) ~ (V
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